The co-magnetometer has been one of the most sensitive device to test new physics related to spin-dependent interactions. But the co-magnetometers based on overlapping ensembles of different spin species usually suffer from systematic errors resulting from magnetic field gradients. Here we propose a co-magnetometer based on the Zeeman transitions of the two hyperfine levels in the ground state 87 Rb atoms. It shows nearly negligible sensitivity to the variations of laser power and frequency, magnetic field, and magnetic gradients. In the preliminary experiment, it holds the potential to reach 10 eV level for measuring the hypothetical spin-dependent gravitational energy of the proton. Moreover, its performance can be further improved through optimization of the 87 Rb cell and experiment setup.
I Introduction
The spin-precession frequency of atoms has been one of the most sensitive means for testing fundamental physical effects, including EDM [1] [2] [3] [4] [5] , CPT-and Lorentz-violation [6] [7] [8] , and exotic spin-dependent interactions [9] [10] [11] . A recent systematic review on the test of these new physical effects can be found in [12] . The magnetic field variation is a severe factor that limits the accuracy in devices based on spin-precession, since spins have very strong interactions with magnetic field. In order to solve this problem, various co-magnetometers are proposed, which use spins overlapping in the same space to common-mode suppress the magnetic field variation [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . There are still, however, several systematic errors reducing the magnetic field variation suppression capability in the co-magnetometers [13, 14] . Nearly all the co-magnetometers work on gas or liquid atoms, which move randomly in the vessel.
Because of the slow and different diffusion rates of different spin species, there exists some spatial separation between the ensemble-averaged position of different spin species [13] . As a result, the magnetic field cannot be common-mode suppressed effectively in the presence of magnetic field gradient. Moreover, the co-magnetometers based on gas spin usually utilize spin-exchange optical pumping technique to polarize the spins, which could cause some problems, such as frequency shift of Zeeman transitions. For example, in co-magnetometers based on alkali metal and dual noble gas spins Xe/ 131 Xe, Xe/ 3 He, etc.), polarized alkali metal atoms exert different effective magnetic fields on the noble gas spins, leading to systematic errors [9] . Several methods are proposed to overcome this kind of problem.
Dividing the pumping and probing into two separate phases and measuring the spin-precession of 3 He and
129
Xe in the dark could reduce the influence of polarized Rb atoms to a great extent [15] . Operating the 129 Xe/
131
Xe spins with synchronous pumping could also reduce the frequency shift effect caused by the polarized Rb atoms [16] . But the above two methods work at the cost of complex manipulation of the spins. In a co-magnetometer based on 85 Rb/ 87 Rb contained in an evacuated coated cell, the influence of magnetic field gradient can be greatly suppressed due to fast diffusion rate of gas atoms [17] [18] [19] . But the magnetic-field-gradient shift cannot be eliminated ideally since the shift is proportional to gyromagnetic ratio squared while the gyromagnetic ratios of 85 Rb and 87 Rb are different [20, 21] . Besides, the pumping light leads to systematic error due to effects such as scattering and light shift. Therefore, careful calibration for effects caused by pumping light and probe light is needed [17] [18] [19] . In order to eliminate the systematic errors caused by magnetic field gradient, a co-magnetometer with identical molecules is proposed [14] , which shows great performance to magnetic field variation and magnetic field gradient suppression.
But the polarization and detection of the nuclear spin in molecules make the system very complex.
In this paper, we propose a new co-magnetometer based on the hyperfine levels of 87 Rb in an evacuated, paraffin-coated cell. It is operated with only a linearly polarized laser beam perpendicular to a bias magnetic field. Thanks to the nearly identical gyromagnetic ratio of the two hyperfine levels and identical diffusion coefficient, the co-magnetometer shows extremely small dependence on the magnetic field gradient.
In addition, it has negligible light shift on Zeeman transition frequency, since the tensor light shift due to linearly polarized light does not cause central frequency shift on Zeeman transitions. Even though there is a little residual circularly polarized component in the probe light which will cause vector light shift, its influence is very small because the propagating direction is perpendicular to the bias magnetic field. In our experiment, we obtain excellent magnetic field variation suppression and extremely small magnetic field gradient effect. In the preliminary experiment, the potential accuracy of the spin-gravity interaction test is comparable to the most sensitive co-magnetometer in the present.
II Experiments and Results
The configuration of the co-magnetometer is shown in Fig. 1 . In this experiment, we use a single-beam double-resonance-alignment-magnetometer configuration [22, 23] . The key component is a glass cell with 20 mm in diameter and paraffin coating in the internal surface, which was made by Peking University. Beneficial to the paraffin coating, the linewidth of Rb Zeeman spectrum can be as narrow as about 2 Hz. A static bias magnetic field B 0 along z axis and an orthogonal driving magnetic field B x oscillating at f are applied. A 25 μW linear polarized laser beam, nearly resonant with the 87 Rb D 2 1 → ′ transition, is used to polarize the 87 Rb atoms and to probe the evolution of the atomic polarization. The magnetic resonance process can be understood in three steps, i.e. preparation, evolution and probing. At first, the laser beam creates second order polarizations (alignments) in both the F=1 and F=2 hyperfine levels of the ground state of the 87 Rb atom. Because the Larmor frequency of B 0 is much larger than relaxation rate of the atomic polarization, only the alignment components along B 0 remain, while other alignment components relax to zero quickly. And then, under the combined actions of the bias field B 0 , driving field B X , and relaxation processes, the alignment precesses around B 0 at driving frequency f. When f equals to Larmor frequency of either one of the hyperfine levels, the alignment of corresponding hyperfine level comes to magnetic resonance. At last, the precessing alignments of both hyperfine levels modulate the polarization of the laser beam, which is detected by the polarimeter composed of a HWP, a PBS and a balanced detector. All the experiments were done in the ambient temperature. 87 Rb is placed in the magnetic field shield. A set of solenoids are used to produce the bias magnetic field in z direction and the driving magnetic field in x direction. The probe light from a DFB laser with 780 nm propagates through a linear polarizer and a collimator made with two lenses. The probe laser propagates through the cell and then is focused with a lens. A half wave plate (HWP), a polarization beam splitter (PBS) and a balanced detector made up of two photodiodes are used to detect the paramagnetic Faraday rotation signal. The difference of the two photodiodes' signal is digitalized through an analog-to-digital converter (ADC). The output of an oscillator (OSC) is sent to a digital-to-analog converter (DAC) and then drives the x coil to produce oscillating magnetic field B x . We obtain the Zeeman spectrum of the Rb atoms through scanning the frequency of B x and recording the R channel of a lock-in amplifier (LIA) made with Labview TM program. The amplitude of the driving field is about 0.1 nT and the frequency is changed linearly in the scan process.
The Zeeman spectrum at 11.79 μT is shown in Fig. 2(a) . The frequency difference for the Zeeman transitions at two hyperfine levels in ground state is 326.4Hz, since the gyromagnetic ratios are different for the two hyperfine levels. The frequency ratio of them is / = 0.996033924 in theory [24] , where and are the gyromagnetic ratio for F=2 and F=1 respectively and the Larmor precession directions of these two hyperfine levels are opposite. The resonant frequency for each hyperfine level is obtained through fitting the resonance curve with a Lorentzian profile, as shown in Fig. 2 (b) and 2(c). Since the Zeeman transition frequencies of the two hyperfine levels are both proportional to magnetic field, they can be used as a co-magnetometer.
(a) (b) (c) Fig. 2 (color online). Zeeman spectroscopy of 87 Rb atoms at 11.79μT (a) and their fitting curves with Lorentzian profile for F=2 (b) and F=1 (c). The gyromagnetic ratio of the F=1 hyperfine level in ground state is = 7023.69 Hz/μT and that of F=2 is = 6995.83 Hz/μT. As a result, they can be distinguished clearly. The Zeeman spectroscopy is a bit asymmetry because the scanning is a transient process.
We change the laser power through a neutral density filter and change the laser frequency through tuning the electric current flowing in the DFB laser diode, so that the influence of these laser parameters are obtained. The transverse relaxation time of the Rb spins is about 60 ms according to the resonance curve in Fig. 1 and it takes about 1 s to scan through the resonance peak, so the spins are not in equilibrium. As a result, the scanning curve is not an ideal Lorentzian profile. Taking this error into account, we used a group of 4 phases to get a value, as shown in Fig. 3 . The normalized frequency ratio (NFR), that is, / 0.996033924, as a function of laser frequency and power, is shown in Fig. 4 . It should be noted that the Zeeman spectroscopy of the two hyperfine levels does not always appear. The NFR is on the order of 10 -7 in the range of -4GHz to 3 GHz. The dispersion of NFR at 450μW is a bit larger than that at 200μW. This may be due to the residual light shift. But as a whole, the NFR show a low sensitivity to variation of laser frequency and power. The laser frequency is tuned from -4 GHz to 3 GHz with a step frequency of 0.48 GHz. At some frequencies, only one Zeeman peak appeared so the frequency ratio cannot be obtained. We did the experiment at two different laser power, which is measured at the entrance hole of the magnetic field shield.
In order to check the ability of the co-magnetometer to suppress magnetic field variation, we measured NFR at different , as shown in Fig. 5 . We did not find any trend of NFR on magnetic field, except fluctuations on the order of 10 Therefore, we measured the NFR with a bit larger magnetic field variation, that is, the 2 points at the sides, which do not show trend of NFR on magnetic field, too.
Magnetic field gradient can lead to systematic errors in the co-magnetometers, especially for that using dual-species spins. For our co-magnetometer using only 87 Rb atoms, the magnetic-gradient effect resulting from the different-diffusion-rate is nearly eliminated and the gyromagnetic ratio of the two hyperfine levels is almost identical. Therefore, we expect it is immune to magnetic field gradient. The NFR as a function of magnetic field gradient ∂ / ∂z is shown in Fig. 6 . It shows no apparent trend on magnetic field gradient, except fluctuations on the order of 10 Because of the simplicity in structure and small systematic errors, our co-magnetometer is an ideal device for the test of fundamental physics, such as spin-gravity coupling. In [25] , the gyrogravitational ratios of 87 Rb are given in the following equations,
where and are the gyrogravitational ratios of electrons and protons in 87 Rb atoms.
The spin-precession frequencies of the two hyperfine levels, are given by,
where " " in ν and ν denotes reversing the magnetic field direction, is the acceleration due to gravity, and is the angle between the bias magnetic field and Earth's gravitational field. The opposite signs of χ and χ terms in the right hand sides of (4) and (5) derive from the opposite Larmor-precession directions of the F=1 and F=2 hyperfine levels. We construct the ratio, ,
. (7) The difference of the ratio through reversing the magnetic field is,
Since in our experiment setup, the is orthogonal to gravity, giving 0, we cannot conduct the spin-gravity coupling test at present. However, we could estimate the potential sensitivity. We use 8 phases to obtain one set of data so as to reduce the transient effect in the scanning process, as shown in Fig. 7 . In the experiment, we got 2882 groups. The measured ∆ sequences are shown in Fig. 8(a) . We made a test of normality for ∆ , as shown in Fig. 8(b) and an Allan variance analysis for ∆ , as shown in Fig. 8(c) . According to the data, we could obtain ∆ 1 3 10 , corresponding to spin-dependent gravitational energy of the proton at a level of 3 10 10 eV. Fig. 7 The arrow direction denotes the scan direction, ↑ for low frequency to high frequency, and ↓ for high frequency to low frequency. The average frequency of phase 1 and 5 gives and that of phase 2 and 6 gives and it is the same rule for reverse . Each phase takes 15 seconds. The magnetic field has a setup time of about 3s after reversing the direction. 
III Discussion
The 87 Rb co-magnetometer has fewer sources of systematic errors essentially.
Compared with co-magnetometers using dual-species, its sensitivity to magnetic field gradient is extremely small. Compared with the co-magnetometer using 85 Rb and 87 Rb, the magnetic gradient related frequency shift is further suppressed, and the light shift is also suppressed with the help of linearly polarized laser beam used in the experiment. Compared with nuclear-spin co-magnetometer based on a liquid of identical molecules, it does not need extra magnetometer to read out the spin-precession frequency. Moreover, it runs well in ambient temperature.
There are still some problems in the co-magnetometer that limit its performance currently. (a) In order to reduce residual polarization effect of probe light, we set the laser power to below 1mW. The signal-to-noise ratio (SNR) is only about 20 in the present experiment system, which is somewhat low compared with other In order to realize reliable test of fundamental physics, we have some plans except the sensitivity improvement. Due to the simple configuration, the co-magnetometer can be made very compact. Therefore ， it is possible to locate several co-magnetometers at different places and different directions with gravity to test the fundamental physics in a long time. And it is also possible to form a co-magnetometer array so as to suppress some common-mode errors.
The co-magnetometer also has some other potential applications. Due to its lack of pumping frequency shift, the co-magnetometer may be used as a magnetometer for magnetic field measurement with an absolute accuracy of the order of 10 . With the co-magnetometer, we could also measure the g-factor ratios for alkali atoms [27] .
IV Conclusion
In conclusion, we realized a new kind of co-magnetometer based on the Zeeman transitions in ground state hyperfine levels of 87 Rb atoms. It has very simple structure, but it demonstrated excellent ability to suppress the magnetic field variation and extremely small systematic error caused by magnetic field gradient. Preliminary experiments show that it is competitive to the most sensitive device in spin-gravity coupling measurement at present. Through further improvements on the system, such as narrowing the linewidth of Zeeman resonance spectrum, enhancing the SNR, and making the 87 Rb atoms to be continuous masers, the sensitivity could be improved greatly. After these improvements, a compact, high-precision system can be realized for long-term spin-dependent exotic interactions.
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